Hematopoietic stem and progenitor cells (HSPCs) are required to establish and maintain the 21 adult blood system in vertebrates. During development, hemogenic endothelial cells undergo an 22 endothelial-to-hematopoietic transition (EHT) to generate HSPCs 1-4 . Growth factors and 23 epigenetic changes can promote EHT 1,3,5 , but these mechanisms do not explain its tight 24 spatiotemporal regulation during development. Here, we show that microRNA (miR) miR-223-25 mediated regulation of N-glycan biosynthesis intrinsically restrains EHT, representing the first 26 pathway that prevents excessive HSPC production. We find that miR-223 is uniquely expressed 27 in hemogenic endothelial cells undergoing EHT and in nascent HSPCs. Loss of miR-223 28 promotes the expansion of these cells in the zebrafish and mouse aorta-gonad-mesonephros 29 (AGM), where EHT occurs [6][7][8] . miR-223 targets alg2 (α1,3/ α1,6 mannosyltransferase) and 30 st3gal2 (α2,3 sialyltransferase) for repression in the AGM endothelium. These two enzymes are 31 involved in the biosynthesis of N-glycans, a common co-translational modification 9,10 that 32 influences several pathophysiological processes 11,12 , but has not yet been implicated in EHT. 33
(hemogenic endothelial cells, hemECs). Through the progressive loss of endothelial gene 48 expression and concomitant increase in hematopoietic potential [1] [2] [3] [4] 13 , hemECs give birth to 49 nascent HSPCs that delaminate from the vascular wall into the circulation to colonize secondary 50 hematopoietic organs [6] [7] [8] . This process is highly regulated, involving a precise interplay between 51 multiple developmentally-timed signaling pathways [1] [2] [3] [4] [5] [13] [14] [15] [16] . It is currently unclear whether such 52 precision is achieved exclusively by the regulation of positive hematopoietic regulators, or 53 whether yet-unknown inhibitory pathways play a role in EHT dynamics. 54
To discover underlying mechanisms of EHT inhibition, we investigated the function of 55 miR-223, a miRNA enriched in zebrafish endothelial cells; genetic deletion of miR-223 results in 56 HSPC expansion in the AGM 17 . We generated a transgenic reporter to examine miR-223 57 expression during EHT. Specifically, we used CRISPR/Cas9 genome editing to integrate the 58 Gal4 transcriptional activator 18 downstream of the endogenous miR-223 promoter (miR-59 223:Gal4), and coupled it with a Tg(5XUAS:eGFP) nkuasgfp1a and an endothelial cell Tg(kdrl:hras-60 mCherry) s896 marker. This approach fluorescently labels miR-223-expressing endothelial cellswith both GFP and mCherry (hereafter referred to as miR-223:GFP+ kdrl:mCH+) (Fig. 1a, b and 62 Supplementary Fig. 1a) . 63 miR-223:GFP+ kdrl:mCH+ cells were dispersed in a salt and pepper pattern, with the 64 majority of cells positioned within the AGM (Fig. 1a-c) . We found that the AGM population of 65 miR-223:GFP+ kdrl:mCH+ cells increased from the onset of EHT at 24 hours post fertilization 66 (hpf) to its peak at 32 hpf (Fig. 1c) . In addition, they manifested a heterogeneous pattern of flat 67 to bulging morphologies, and underwent delamination from the AGM (Fig. 1a, Supplementary  68 Fig. 1b, c and Supplementary Movie 1). Importantly, miR-223:GFP+ kdrl:mCH+ cells co-69 expressed the endothelial marker kdrl and hemEC markers gata2b 19 and runx1 20, 21 , as wells as 70 the nascent HSPC marker cmyb 22 ( Fig. 1d) , suggesting that miR-223 is expressed in hemECs 71
undergoing EHT. 72
To understand how miR-223 affects EHT, we analyzed the miR-223 mutant (miR-73 223Δ/Δ) zebrafish AGM, and observed increased numbers of hemECs expressing gata2b at 24 74 hpf, as well as the downstream factor runx1 at 27 hpf ( Fig. 2d-g ), verifying that miR-223 functions in endothelial 80 cells of the AGM to limit HSPC production. Taken together, these findings support that miR-223 81 intrinsically restricts EHT in hemECs. 82
To further corroborate miR-223 function, we analyzed hemEC and HSPC populations 83 during mammalian EHT. We observed abundant miR-223 expression in sorted mouse hemECs 84 (Flk+cKit+CD45-SP+) 23 and endothelial cells (CD31+CD45-SP-) relative to non-endothelial 85 cells isolated from the embryonic day (e) 10.5 AGM, the primary site of definitive HSPC 86 production 2,7 (Fig. 2d, e) . Mice with a global miR-223 knockout (KO) 24 displayed elevated 87 ratio from the lman2lb sensor was similar in individual AGM endothelial cells from wild-type 122 and mutant embryos, suggesting indirect regulation. 123
We generated a stable line of the alg2 3'UTR-miR-223 sensor for mutational analysis of 124 the MRE. CRISPR/Cas9-mediated mutation of the MRE led to an increased mCherry:eGFP ratio 125 in the AGM (Fig. 3c, d and Supplementary Fig. 3h ), consistent with de-repression in miR-126 223Δ/Δ . Further, mutation of the endogenous miR-223 MRE within the alg2 3'UTR 127 phenocopied the HSPC overexpansion observed in miR-223Δ/Δ zebrafish, both in the 32 hpf 128 AGM and the 54 hpf caudal hematopoietic tissue 34 (the hematopoietic site analogous to the 129 mammalian fetal liver) (Fig. 3e-g ). Thus, these data suggest that miR-223 directly inhibits alg2 130 and/or st3gal2 to limit HSPC production at the site of EHT, potentially via altered N-131
glycosylation. 132
To investigate whether N-glycosylation changes during EHT, we generated an N-133 glycosylation reporter. The reporter contains an N-glycosensor 35 , consisting of firefly luciferase 134 fused to an ER translation sequence. ER translocation of firefly luciferase results in its N-135 glycosylation and reduced bioluminescence 35 (Fig. 4a) . The reporter also contains a renilla 136 luciferase (for normalization), and both genes are driven by the fli1a promoter (Fig. 4a) . 137
Injection of the endothelial-specific N-glycosylation reporter into wild-type embryos revealed a 138 decrease in firefly luminescence from 24 hpf to 32 hpf, indicating that endothelial cell N-139 glycosylation naturally increased from the onset to the peak of EHT (Fig. 4b) . In addition, miR-140 223Δ/Δ embryos showed increased firefly luminescence at 32 hpf compared to controls (Fig. 4c) , 141 consistent with defective N-glycosylation of firefly luciferase upon dysregulation of miR-223. 142
Thus, N-glycosylation is regulated by miR-223 during EHT. 143
The increased luminescence of the N-glycosensor upon loss of miR-223 function could 144 reflect reduced N-glycan addition or altered N-glycan processing. To distinguish between these 145 possibilities, we first tested whether blocking N-glycan addition recapitulates HSPC 146 overexpansion in miR-223Δ/Δ embryos. We treated wild-type zebrafish during EHT with 147 tunicamycin (TM), an N-acetylglucosamine (GlcNAc)-1-phosphotransferase inhibitor that 148 prevents N-glycan core attachment to nascent polypeptides, leading to protein misfolding and ER 149 stress 36,37 . TM treatment increased firefly luminescence as expected 35 , but did not result in an 150 overexpansion of cmyb+ HSPCs at 32 hpf ( Supplementary Fig. 4a, b) . Likewise, cmyb+ 151 expression did not increase upon treatment with thapsigargin, an N-glycosylation-independentinducer of ER-stress 36 ( Supplementary Fig. 4c ). Thus, miR-223Δ/Δ hematopoietic defects do not 153 arise from an overall reduction in protein N-glycosylation or general ER stress. 154
To investigate whether N-glycan processing is disrupted by loss of miR-223, we used a 155
ratiometric lectin microarray strategy to analyze the glycomes of wild-type and mutant zebrafish 156 embryos 38 . We isolated membrane proteins from 32 hpf wild-type and miR-223Δ/Δ embryos, 157 and deciphered differences in specific sugar modifications based on their differential binding to 158 over 90 lectins or antibodies on the array 39 . Notably, glycoproteins from miR-223Δ/Δ embryos 159 had significantly increased levels of terminal α1,3-linked mannose modifications, as well as 160 decreased levels of α2,3-linked sialic acid and bisecting GlcNAc, compared to those from wild-161 type (Fig. 4d, e) . Thus, loss of miR-223 affects N-glycan processing. 162
Next, we determined whether compounds that alter N-glycan processing could promote 163 EHT and HSPC overexpansion, similar to loss of miR-223. Briefly, we treated wild-type 164 embryos undergoing EHT with swainsonine (SW) to enhance mannose-biased modification 37 , or 165 a pan-sialyltransferase inhibitor (ST) to diminish terminal sialic acid incorporation 40 (Fig. 4 f-j 166 and Supplementary Fig. 4d ). Remarkably, both SW and ST treatments of wild-type embryos 167 resulted in the overexpansion of kdrl:mCH+ cmyb:GFP+ cells and cmyb+ nascent HSPCs in the 168 AGM at 32 hpf, recapitulating the miR-223Δ/Δ phenotype (Fig. 2c, Fig. 4g , h, j, and 169 Supplementary Fig. 4d ). Taken together, we find that a distinct N-glycome established by miR-170 223 limits the production of HSPCs from hemECs (Fig. 4k) . 171
In summary, our data reveal an unanticipated role for the N-glycan biosynthesis pathway 172 in limiting HSPC production during EHT, thus illuminating how this process occurs. We found 173 that hemECs in the AGM possess an intrinsic mechanism to restrict EHT based on a "sugar 174 code", comprised of a specific level of cell surface glycans, α1,3 mannose and α2,3 sialic acid. 175
This regulation is mediated by miR-223-dependent repression of N-glycan biosynthesis genes, 176 which regulates the glycan repertoire (Fig. 4k) . 177
Importantly, these findings lay the foundation for future mechanistic studies on how the 178 diverse array of hematopoietic regulators are limited in their activity by a common co-179 translational modification, protein N-glycosylation. The discovery that EHT is regulated by a 180 specific glycan profile presents new exciting avenues for regulating in vivo and ex-vivo blood 181 stem cell production 41, 42 . The wide variety of glycan metabolism modifiers and inhibitors could 182 be used to glyco-engineer cells, optimizing the production of glycoforms that facilitate thereprogramming of somatic cells to HSPCs [43] [44] [45] . Thus, the application of our knowledge and 184 approaches could significantly improve HSPC production for therapeutic interventions of blood 185
disorders. 186 187

Methods 188
Animal Strains and Husbandry 189
Zebrafish were raised and maintained at 28.5˚C using standard methods ( 223:GFP+. Zebrafish embryos and adults were genotyped as described 17 . See Table 1 cloned into the eGFP bait-E2A-KalTA4-pA plasmid 49 by T4 ligation according to the 217 manufacturer's protocols (NEB), to produce the miR-223-E2A-KalTA4 bait plasmid. 218 CRISPRScan 50,51 was then used to design a guide RNA (gRNA) that targets both the miR-223 219 genomic locus and miR-223-E2A-KalTA4 bait plasmid. The gRNA template for in vitro 220 transcription was PCR amplified and purified with Qiaquick PCR purification Kit (Qiagen). In 221 vitro transcription followed and was performed as described 52 . High gRNA targeting efficiency 222 at the miR-223 locus was confirmed by T7 endonuclease I (T7E1) in individual AB embryos 223 injected with 60 pg of miR-223 gRNA and 200 pg of Cas9 mRNA as before 52 . See Table 1 
Quantitative RT-PCR 235
Embryos were disassociated into single cell suspensions and subjected to Fluorescence Activated 236
Cell Sorting (FACS) as described for transgenic zebrafish previously 53 or for mice below. 300-237 500 ng of total RNA isolated from the indicated FAC-sorted populations was used in miRNA or 238 mRNA reverse transcription reactions and the resulting cDNA was used as template for SYBR 239
Green-based quantitative PCR as before 17 . qRT-PCR primers are listed in Table 1 . U6 primers 240 (RNU6B, Hs_RNU6-2_1) were commercially provided from Qiagen. 241
The 2 −ΔΔCT method was used to determine relative gene expression for quantitative RT-242 PCR analyses. Mature miRNA expression was normalized to U6 snRNA levels and was relative 243 to the indicated control. mRNA levels were normalized to the beta actin housekeepinggene, actb1 and was relative to the indicated control. Statistical comparisons between replicate 245
pair ΔCT values for indicated groups were determined by a paired, two-tailed Student's t-test. 246 247
Immunofluorescence 248
Immunofluorescence was performed as follows to amplify GFP and mCherry expression in 249 zebrafish embryos imaged by confocal microscopy unless otherwise indicated. Whole mount in situ hybridization (WISH) was performed as previously described 17 using 268 hybridization probes for gata2b 19 , runx1 54 , and cmyb 55 . gata2b and runx1 WISH staining was 269 quantified from equally-exposed, color-inverted bright field images with Image J as follows. The 270
Polygon Selection tool was used to outline the area of WISH staining along the entire length of 271 the yolk extension, corresponding to the AGM region. The mean WISH signal for the selected 272 area was obtained using the Measure tool and subtracted for mean background staining, which 273 was measured for the same area, but in a region of the trunk just above (dorsal) the AGM, which 274 lacks gata2b or runx1 expression. Measurements from 2 biological replicates per genotype werecombined and an unpaired, two-tailed Student's t-test was applied to detect statistical differences 276 between conditions. 277
Images of cmyb WISH staining in the 32 hpf AGM and 54 hpf CHT for at least 12 278 embryos per replicate were blinded and then were categorized as having continuous (high) or 279 no/intermittent (low/medium) cmyb expression in the AGM region along the yolk extension. 280
Data was expressed as the percentage of embryos having high or low/medium staining, 281 respectively. Statistical differences between wild-type and miR-223Δ/Δ replicate pairs (collected 282 and stained on the same days) were determined by a paired, two-tailed Student's t-test. 283 284
Flow Cytometry in Mice 285
Mouse embryo dissection, cell isolation and flow cytometry of E10.5 AGM were performed as 286 previously described 56 . Briefly, developmental stage-matched miR-223KO and wild-type e10.5 287 AGM regions were freshly dissected and digested in 2mg/mL collagenase type II at 37 °C for 288
min in HBSS (Gibco) with 10% FBS (Gibco or Gemini) to obtain single-cell suspensions. 289
Cells were resuspended in DMEM (Gibco) with 10% FBS to a concentration of 2 x 10 6 cells/ml, 290 and incubated for 1 hour in 5 µg/mL Hoechst 33342 (Sigma) at 37 °C, followed by staining of 291 the following antibodies: CD45 (FITC, eBioscience 11-0451-85), c-Kit(APC, BD 553356), 292
Flk1(PE-Cy7, BD 561259), CD31 (PE, BD 553373). Single cell suspensions of e14.5 fetal liver 293 and e18.5 fetal bone marrow were immunostained with the following antibodies: c-Kit (PE, 294 eBioscience 12-1172-82), Sca-1 (FITC, eBioscience 11-5981-82), lineage antibody cocktail 295 (PerCP-Cy5.5, BD 561317). Cells were analyzed or sorted by flow cytometer LSRII or Aria (BD 296 Bioscience) respectively and flow cytometry data were analyzed with FlowJo software. Student's 297 t-test (unpaired, two tailed) was used to compare miR-223KO and wild-type relative cell 298 abundance, and data was charted as fold change relative to wild-type. 299 300 miR-223 expression constructs 301 miR-223 expression constructs ( Supplementary Fig. 2 ) were constructed as previously described 302 with the following modifications 33 . To generate the pME-miR-223 middle entry cassette for 303
Gateway-compatible cloning, a 365 bp genomic sequence containing the miR-223 stem loop 304 precursor was PCR amplified with flanking KpnI and StuI sites (see Table 1 ), and the resulting 305 fragment was restriction digested and cloned into pME-miR using T4 ligation (NEB) accordingto the manufacturer's protocol. Promoter entry cassettes p5E-uasE1b or p5E-fli1a 57 (Addgene 307 26026 and 31160) were utilized in LR multisite Gateway cloning reactions as before 33 to produce 308
UAS-mCherry-miR-223 and fli1a-mCherry-miR-223 constructs, respectively. Embryos were 309
injected in the one-cell with 25 pg each of either expression construct and Tol2 transposase 310 mRNA, and later selected for mCherry expression. 311 312
Endothelial miR-223 sensor assays & zebrafish generation 313
Endothelial N-glycogene 3'UTR-miR-223 MRE sensors were constructed as previously 314 described except the p3E entry vector was generated by subcloning a short (~88-117 bp) PCR 315 fragment of the alg2, lman2lb, or st3gal2 3'UTR that contains the miR-223 responsive element 316 using flanking SnaBI and SpeI restriction sites 33 . See Table 1 for N-glycogene 3'UTR cloning 317 primers. Mosaic expression of each sensor ( Supplementary Fig. 3c , e-g) was achieved by 318 injecting single-cell embryos from miR-223Δ/+ in-crosses with 25 pg each of the sensor 319 construct and Tol2 transposase mRNA. For each expression construct, live injected embryos 320
were confocal imaged at ~32hpf using a constant exposure setting and then genotyped. Using 321
ImageJ on genotype-blinded maximum confocal projections, individual AGM endothelial cells 322
were first outlined using the Polygon Selection tool. Mean mCherry and eGFP intensities were 323 then quantified for the selected area using the Measure tool and were subtracted for mean image 324 background fluorescence in their respective channel. mCherry relative to eGFP intensities were 325 assessed for each genotype. Outlier values were removed using the ROUT method (Q= 1%) in 326 Graphpad Prism7. A Mann-Whitney U test was used for statistical comparisons. 327
To establish the stably-transmitting Tg(fli1a:mCherry-alg2 3'UTR sensor: eGFP) ya364 328 line (Fig. 3c) , embryos injected with 25 pg eaph of Tol2 transposase and alg2 3'UTR-miR-223 329 MRE sensor construct were raised to adulthood and an F1 founder was the crossed into both 330 wild-type and miR-223Δ/Δ backgrounds. Sensor expression was quantified with Image J as 331 described above for 32 hpf fixed and immunostained embryos, except the Segmented Line tool 332 was used to measure mCherry and eGFP intensities along length of the dorsal aorta or posterior 333 cardinal vein vessel walls above the yolk extension. An unpaired, two-tailed Student's test was 334 used for statistical comparisons. homogenized with a pellet pestle and spun at 13,000 rpm to remove cellular debris. Firefly and 366
Renilla bioluminescence readings were obtained from 20 µl of cleared lysate using the Synergy 2 367 plate reader and Gen 5 analysis software system (BioTek). Firefly bioluminescence wasnormalized to renilla levels, and expressed as a fold change relative to indicated control. 369
Statistical differences of normalized firefly bioluminescence values between biological replicate 370
pairs were determined by a paired, two-tailed Student's t-test. 371 372
Lectin Microarray Glycomic Analysis 373
Lectin microarrays were prepared as previously described 39 . Slides were generated in the Mahal 374 laboratory using Nano-plotter v2.0 piezoelectric non-contact array printer (GeSiM) with a nano Membrane protein extracts applied to the array were isolated from 32 hpf wild-type and 382 miR-223Δ/Δ zebrafish embryos and fluorescently labeled as follows. 400 dechorionated embryos 383 per replicate sample were washed two times in deyolking buffer (55mM NaCl, 1.8mM KCl, 384
1.25mM NaHCO 3 ) 60 . The yolk was separated from embryos by gentle pipetting in 250-500 µl of 385 deyolking buffer, followed by 5 minutes of room temperature shaking at 850 rpm. Samples were 386 spun at 300 rcf for 30 seconds and the yolk-containing supernatant was discarded. To remove 387 any remaining yolk, the pelleted tissue was washed with Dulbecco's PBS (Gibco), and shook at 388 850 rpm for 2 minutes for a total of two times. After a 300g, 5 minute spin at 4˚C, nearly all 389 supernatant was removed and tissue was incubated in 1 ml of cold hypotonic PBS solution 390 (10mM Na 2 HPO 4 , 1.8mM KH 2 PO 4 , 10mM KCl, 0.2mM MgCl 2 ) plus 1:100 protease inhibitor 391 cocktail set III (Millipore Sigma) for 10 minutes on ice to lyse cells. Samples were dounce-392 homogenized 150 times with the B pestle on ice, and then spun at 500g for 5' at 4˚C to remove 393 cell debris. Protein lysates were frozen with liquid nitrogen and stored at -80˚C until used. To 394 obtain the membrane protein fraction, thawed lysates were spun at 100 kg for 1 hour at 4˚C and 395 pellets were resuspended immediately in 100 µl of cold PBS (0.1M Na 2 HPO 4 , 0.15M NaCl, pH 396 7.2-7.4) with 1:100 protease inhibitors. Samples were fully homogenized by passing the sample 397 through a 25G needle 10-15 times on ice.
Protein concentrations for individual samples were determined using a BCA protein 399 assay following the manufacturer's protocol (Thermo Scientific Pierce). 50 µg of protein were 400 labeled with Alexa Fluor 555 and all reactions were quenched using 2M Tris (pH 6.8) with no 401 further dialysis. A mixed reference was prepared following the same protocol, but labeled with 402 Alexa Fluor 647. Samples for the array were prepared by mixing 5 µg of protein from each 403 individual sample with 5 µg of the mixed reference in 0.005% PBS-Tween (pH 7.4). 404
Prior to sample hybridization, the lectin microarray slides were blocked for an hour with 405 50 mM ethanolamine in 50 mM sodium borate buffer (pH 8.8) at room temperature. They were 406 then washed 3 times with 0.005% PBS-Tween (pH 7.4). Hybridization cassettes (Arrayit) were 407 utilized to isolate individual arrays on each slide (24 per slide) and prevent leakage from one 408 sample to the next. Samples were applied to individual arrays and one array per slide was 409 reserved for a reference vs reference. Samples were incubated on the array for 2 hours at 25 °C 410 with gentle agitation. After hybridization, the samples were carefully removed and the arrays 411
were washed 4 times with 0.005% PBS-Tween (pH 7.4) for 5 minutes followed by a final wash 412 with ddH2O. The arrays were scanned using a GenePix 4300A array scanner. 413
Background-subtracted median fluorescence intensities were extracted using GenePix Pro 414 v7.2. Lectins that did not meet signal to noise ratios <2 in >90% were removed from the data 415 prior to analysis. The data was then median-normalized for each dye used and the log2 of the 416 sample/reference ratio was determined for each technical replicate. The replicates were then 417 averaged for each lectin within each array. The log2 values were then used for statistical 418 analysis (Student's T-Test) and comparison of the sample types. 
Image Acquisition 431
Zebrafish embryos imaged by confocal or bright-field microscopy were raised in 0.003% PTU 432 starting after the gastrulation stage to prevent pigmentation. Embryos imaged live by confocal 433 microscopy were anesthetized in 0.1% tricaine and mounted in 1% low melt agarose. The 434 majority of fluorescent images and timelapse movie were captured using an upright Leica 435 Microsystems SP5 confocal microscope using a 25X objective except for images in Fig. 3c Overview of zebrafish EHT. In the AGM region, flattened endothelial cells (red) gain hemogenic 627 potential (orange), round up, and bud as nascent HSPCs (yellow) from the VDA wall into the 628 PCV circulation from 24-48 hpf. Cells outlined in green or red represent miR-223:GFP+
